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ABSTRACT 
Packed beds of rock are highly recommended for solar 
energy storage applications. The problem of heat transfer of 
air flowing through a loose material packed in a bed has been a 
subject of study by many researchers in the last two decades. 
Most of the early works were analytical in nature, though 
some experimental works were also accomplished to ease the 
solutions, and prepare the ingredients for designers interested 
in such type of phenomenon. 
The purpose of this work is to study and analyze numerically 
a solar energy storage bed, and investigate the effect of the 
following critical designing parameters in such storage units: 
the mass flux flow rate of air through the bed, the bed length, 
the rock equivalent diameter, and the bed cross-sectional area. 
The small order of magnitude terms in the governing equa- 
tions were generally being neglected by many workers, terms 
those account for the heat loss to the environment, rate of heat 
of accumulation within the air energy equation, as well as tem- 
perature stratification, temperature gradients in other bed 
dimensions and the effects of air velocity distributions, which 
in turn depends on the particle size and the bed cross-sectional 
area. 
A fully implicit finite difference scheme, and iterative 
solution of air and bed temperature are used in the present work. 
-1- 
X 
The method"of surjerpositioir isalso used"to calculate the tieat" 
,stored in the bed since inlet air temperature as a function df 
time is assumed for solar energy storage applications.    The 
relationship between the characteristic parameters is investiga- 
ted for a multidimensional  transient pebble bed. 
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CHAPTER I 
INTRODUCTION 
The continued increase in energy costs as we,Jl as the increas-'* 
ing demand on traditional energy sources emphasizes the need for 
conservation and the necessity to consider other types of energy 
sources.    Proposed solutions include the increased use of nuclear 
power, the development of energy systems utilizing solar, wind, 
and geothermal energies and the use of temperature gradients pres- 
ent in the oceans.    Energy storage devices could greatly assist 
in improving the overall efficiency of large energy producing 
units and allow for more effective utilization of alternative 
sources of energy by storing excess energy in the off demand 
period to be retrieved in the peaking demand time. 
A list of several types of energy storage devices would 
include the storage of: 
(a) Potential energy - pumping of water to higher eleva- 
tion by off-peak electrical  energy to meet the peaking demands. 
(b) Chemical energy - electrical storage in batteries. 
(c) Kinetic energy - the most common form of the storage 
of kinetic energy is the flywheel. 
(d) Thermal energy - many different types fall  under this 
category.    High pressure steam,  utilization of sensible heat of 
a .liquid or a solid, the use of the heat of fusion or evapora- 
k tion,  and reversible chemical  heat absorption. 
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 —This-work deals with thermal energy storage in packed 
beds, which falls into the last category above. 
The packed bed (pebble-bed or rock-pile) storage unit 
uses the heat capacity of a bed of loosely packed particulate 
material to store energy.    A fluid, usually air, is circulated 
through the crushed material to add or remove heat.    Unlike water 
tank storage systems for air flow thermal storage heat cannot 
be added or removed at the same.    Thus, the flow is maintained 
in one direction through the material  during the period of heat 
addition (charging) and in the opposite direction during the 
discharging time.    The rate of heat transfer from or to the 
solid in the packed bed is a function of the physical and thermal 
properties of the fluid and the solid, the local  temperature of 
the fluid and the temperature of the surface of the solid, the 
mass flow rate of the fluid, and the characteristics of the 
packed bed. 
In a packed bed the material  in particulate form is enclosed 
in a container and the fluid is forced through the voids of the 
bed.    The use of the packed bed as a thermal energy storage 
device has certain advantages:    (i) the response of such units 
is relatively fast due to the large surface-to-volume ratio 
which provides a high heat transfer coefficient between the air 
and the solid,    (ii)    Air doesn't have the problems of freezing 
and boiling like water does,    (iii) The costs of the storage 
-4- 
material (granite) and„contaiJier are .small (iv.X.-The. bed 
material hardly loses its energy since it has low thermal  con- 
ductivity. 
One of the major disadvantages of a packed bed is the large 
pressure drop across the bed.    Thus a well designed bed is 
required to have a low pressure drop which is in conflict with 
the tight packing, also desired in a good bed.    A packed bed with 
a large frontal area and short-length (compared with regenera- 
tors) may overcome this disadvantage. 
In the following sections a numerical analysis of these 
packed beds is described to bring out the effects of the critical 
design parameters such as those described above. 
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CHAPTER II 
BACKGROUND AND LITERATURE SURVEY 
2.1 Introduction 
Many of the industrial processes involve an interaction 
between multiple media such as fluids and solids. In order to 
obtain a large ratio of surface area to volume, the fluids may 
be passed over a packed bed of loose solids. Examples of these 
applications are catalytic reactors, pebble bed heaters, evapor- 
ators, absorbers, and thermal energy storage units. The theory 
and the development of the use of the packed beds for thermal 
energy storage units is discussed below along with some corre- 
lations for their applications. 
2.2 The Bed Characteristics 
The rate of hea*t transfer from or to the loose solid in the 
packed bed, Figure 2.2.1, is a function of the physical and the 
thermal properties of the fluid and the solid, the temperature 
difference between the fluid and the. surface of the solid, the 
mass flow rate of the fluid, and the geometric characteristics 
of the packed bed material. The above variables can be divided 
into three groups which determine the performance of any thermal 
energy storage unit bed: 
(i) Variables that are related to the bed geometry; size, 
shape, and packing of the particles as well as the bed length. 
-6- 
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Figure 2.2.1    A cut-away of a packed bed storage unit [5] 
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Figure 2.2.2    Sketch of fluid flow through a packed bed. 
(ii)    Those that describe the characteristics of the flowing 
fluid properties and the mass velocity. 
(iii) Others associated with transient response of the bed 
material; initial  thermal state of the bed, the inlet tempera- 
ture of the fluid, the physical, and thermal  properties of the 
bed material. 
2.3    Literature Survey 
The thermal analysis of packed beds was first addressed by 
Schumman [24] when he recognized the appropriate independent 
variables for a porous prism exposed to flowing fluid.    He 
assumed constant fluid and material  properties, zero thermal 
conductivity in the flow direction in both the fluid and the 
solid,  insulated boundaries, and a constant velocity in axial 
direction neglected mass transfer, and temperature gradients 
within the solid particles.    His one-dimensional energy balance 
equations are: 
for the fluid 
Heat accumulated" 
by the fluid 
Heat carried in 
by the fluid 
p/rC f"f   at 
otr alp 
Heat convected 
to the solid 
2.3.1 
PbCb (l-e) 
3
*h 
TF = hv (W 2.3.2 
Schumman'obtained a closed form solution of the one- 
dimensional, semi-infinite problem.    He presented the temporal 
and spatial functional relationships for the fluid and the solid 
temperatures.    The phase temperatures increase with time and 
decrease withHhe axial  distance during the charging period. 
Schumman1s work has been the foundation for many later researchers 
in the field.    Furnas  [8] and Saunders et.al.  [22] have done 
extensive experimental work in order to obtain a correlation for 
the heat transfer coefficient in the packed bed.    Hawley and 
Lof [15] in 1948 utilized these earlier ideas, and designed a 
bed packed with gravel.    They correlated their data with Schumann's 
results and developed a heat transfer correlation for a gravel 
particles of diameter up to 15 in.    Other investigators since 
then have presented similar results by examining different mater- 
ials, for a range of particle sizes, temperatures, and mass 
flux rates.    However, Lof and Hawley correlation is still 
greatly acknowledged by most in the field because of its accept- 
able accuracy and since it is for gravel by far the most promis- 
ing material  for packed bed thermal energy storage units. 
Recently, Coutier and Farber [4] have solved the problem 
of the heat transfer process with a rock bed, and the empirical 
correlation of Lof and Hawley was investigated for different 
particle diameters and air mass flow rate.    Several expressions 
C2 
of the form h    = C-,(G/d)      were compared with experimental  data. 
-10- 
C, = 700 and C~ = 0.76 were found to represent the majority of the 
data. 
Jury and Berbano [12] investigated several  correlations for 
the heat transfer coefficient and presented a table of comparison 
that included table 2.3.1 with one of their own.    Although many 
workers recommend Hawley and Lof correlation, it appears that is a 
great deal of room for further improvement. 
2.4    Mathematical  Models 
Several models for the determination of the transient response 
of packed bed heat storage units are presented below.    The first 
is based on the assumption that the temperature of the fluid and 
the storage material  are equal  at any specific axial  location. 
The second considers the storage material  and fluid streams separ- 
ately with intra-particle and dispersion effects neglected.    These 
two effects are included in the third model. 
2.4.1    Negligible Thermal  Resistance 
Negligible resistance will  be offered to the transfer of 
heat between the fluid and the bed material  if the thermal  con- 
ductivity of the bed material  and the convective heat-transfer 
coefficient are very large.    The temperature of the bed and the 
fluid would then be equal.    In addition to Schumann's assumptions 
(listed earlier), Riaz [19] has assumed negligible rate of 
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Table 2.3.1    Survey of some heat transfer correlations [12] 
accumulation of energy by the fluid. 
Within the bed, negligible thermal radiation effects as well 
as negligible resistances mentioned above. Its energy equation is 
of the form: 
Wfl'^bS^f^b!^ —2-4-1 
The nondimensional form of the above equation can be solved 
using Laplace transforms and the results indicate that the fluid 
gave out heat very rapidly to the solid; this is clearly seen in 
Figs.  2.4.1(a)  & (b). 
2.4.2    Simplified Model 
The simplified model  is silimar to the model proposed by 
Schumann [24],  but the rate of heat accumulated in the fluid 
is neglected.    Furnas  [8], and Klinkenberg [13] and others have 
used this model and Klinkenberg [13] has provided a complete 
evaluation of most of the methods available for the thermal 
analysis of storage beds.    Klinkenberg's solution can be repre- 
sented by equation 2.4.2.1  and based on this, the bed temper- 
ature can be given as a function of fluid temperature, time 
and axial  distance.    Table 2.4.1  shows the results of the air 
temperature generated from Klinkenberg paper. 
Tb(r,s)  = 1.0 - Tf(s,r)  2.4.2.1 
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Figure 2.4.1(a) Nondimensional bed temperature [19]. 
8 10 12 I* 16 
DIMENSIONLESS       DISTANCE 
16 20 22 24    25 
Figure 2.4.1(b) Nondimensional bed temperature [19] 
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This equati on has been ..shown to be .±r.u€L_for., s^ymmetri cal beds 
The amount of energy stored in the packed bed can be 
obtained by determining the average temperature of the bed; 
Q = SfrXL(l-e)Pbcb(tfrt0)fb 
where 
'b  XL 
XL 
Tbdx 
2.4.2.2 
2.4.2.3 
An alternative way is using the temperature of the fluid 
leaving the unit: 
Q = mfcf j (tfi-tfo)dT 
o 
= mfcf(tfi-t0) (l-ff0)dx 2.4.2.4 
If we denote the maximum possible heat stored by Q 
(which would be obtained when the temperature of the bed is 
uniform and equal to the temperature of the fluid entering the 
unit), 
Q   = S- (1- ) . c, (t-.-t- ) 2.4.2.5 
^max   frv  ' b b^ fn fo'   
The ratio of the energy stored Q to the maximum possible 
storage Q   is a nondimensional heat storage, Q : 
«
+
 = 
mfCr 
(1.0-Tfo)dx 
(1.0-Tfo)dr 2.4.2.6 
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where 
SfrXL(l-e)pbCb 
2.4.2.7 
m^Ci 
2.4.3 Intraparticle Conduction and Dispersion Model 
The model presented in Sec. 2.4.2 does not take into 
account the intraparticle conduction or the dispersion effects. 
For example, when the intraparticle conduction is present, the 
storage particles are no longer assumed to be at a uniform 
temperature. The temperature of the surface in contact with 
the fluid will depend on the convective film coefficient and 
the intraparticle conduction. As the fluid flows through the 
packed bed, small eddies will be generated in the fluid, creating 
extensive mixing of the fluid. This mixing and the effect of 
axial molecular conduction of heat within the fluid are classi- 
fied as the dispersion effects. The rate of accumulation of 
energy within the fluid has been neglected here when formulating 
the energy equation, but a conduction term has been, added to 
the fluid equation to account for the axial dispersion. An 
analytical solution for this problem has been presented by 
Babcock et.al. [1] as well as others, and finite difference 
solutions have been presented by Handley and Heggs [10]. 
A careful evaluation of the various methods available for 
the determination of the transient response of packed beds has 
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been presented by Jefferson [11]. The particles used were 
spheres in shape, and the intraparticle conduction and axial 
dispersions were considered. It was determined that there were 
four nondimensional parameters that were significant in deter- 
mining the operating conditions under which the simplified 
model could be modified satisfactorily to account for intrapar- 
ticle conduction and axial dispersion. These parameters are 
hr 
Biot Number, Bi = —j— 0 
Heat Capacity Ratio, Vn 
b 
Vb PkCjl-e) 
pfCfe 
vH 
Thermal Capacity Ratio, B = ., ,■. and V 
PfC-ii Sf XLE 
Peclet Number PQ =    T    k fl  
The Biot number is small  and approaches zero on the limit 
if the thermal  conductivity of the storage material, k. , is very 
large, in the limiting case approaching infinity.    In the limit- 
ing case, the storage material will have a uniform temperature 
and the solution of the intraparticle conduction model will 
approach that of the simplified model. 
At large values of Vn, the transient response of the 
packed bed can be adequately predicted by the simplified model 
if an effective film coefficient h    is used in the evaluation 
of the nondimensional  length and time.    The effective film 
■18- 
\ 
coefficient takes into consideration the axial dispersion and 
the intraparticle conduction effects, and has the following form 
_L - 1 n + Bi^2 + kfA 
he ' h u +   5JB        (pfcfua)^SfrXLe 
2.5    Pressure Drop and Velocity Distribution 
2.5.1 Pressure Drop 
The pressure losses in a packed bed consist of kinetic and 
viscous energy losses due to the fluid flow. Ergun [6] has 
analyzed the available data to write a correlation for the 
pressure drop that include the losses mentioned above 
AP = {1.75[n-i^] +150.0 i^#^} f- 
where the first term in the right-hand side is associated with 
the kinetic energy losses and the second term with viscous 
energy losses. 
2.5.2 The Axial  Velocity Distribution 
The flow of the fluid through the packed bed is generally 
assumed to be plug flow for most of the thermal  storage unit 
calculations.    However, in reality this is not always the case 
due to the wall effects on the velocity profiles,    Schwartz 
et.al.  [25] have experimentally verified the variation of the 
void fraction across the bed and obtained velocity profiles. 
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Velocity distributions in beds have been calculated by 
Mickley & Smith [17], Szekely et.al. and Cohen and Metzner 
[3] and an equation for the velocity profile has been presented 
by Fahien and Stankovic [7]. 
So far the earlier workers have established the state of 
the art of the heat transfer problem in packed beds. Their 
solutions are widely used and appreciated, however, the assump- 
tion of bed perfect insulation rarely exists in reality. Also 
it should be pointed out that a given bed cross section does 
not generally exhibit a temperature uniformity at a given 
instant. There is a "transverse temperature dispersion" which 
can be explained by several minor phenomena like (edge effect, 
low values of air flow). 
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CHAPTER III 
SCOPE AND PURPOSE OF THIS WORK 
i 
.3.1    Introduction 
Nearly a dozen models for the analysis of energy thermal 
storage in packed-beds from the literature have been presented 
in earlier sections.    All the models discussed thus far are 
based on Schumann equations.    These equations are one-dimensional 
and assume forced fluid motion implying either charging (adding 
to storage) or discharging.    They are coupled partial  differen- 
tial equations representing fluid and bed temperatures as func- 
tions of location and time. 
3.2    Purpose of this Work 
A major assumption in the Schumann equations is the plug 
flow fluid velocity used in the analysis.    As will  be discussed 
later, this assumption  {^/ery necessary for a simple one- 
dimensional model) is often violated in reality.    The present 
work analyses the packed bed with a multidimensional model, since 
there appears to be no other method of accurately mode.ling beds 
which do not have plug flow.    Other objectives are more easily 
overcome by simply adding terms for: 
- Heat loss to the surroundings. 
- Conduction terms in the three-directions of the bed. 
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The latter was accomplished when an axial velocity distribu- 
tion from the literature was introduced into the present model 
thus permitting the addition of conduction terms in the trans- 
verse direction. 
The idea of using nonuniform velocity distributions in the 
pebble-bed comes from the results of two studies, one at Colorado 
State University (CSU) and the other at University of Wisconsin 
(UW). The use of multiple temperature probes at the same depth 
in the Wisconsin rock-bed made an indirect measurement of uni- 
formity of flow. If flow was close to being plug flow, all 
probes at the same depth would record the same temperature at 
any one time. This was not the case. Their data have shown a 
considerable variation in temperature measurements across the 
bed. CSU experiments also indicate the existence of non-uniform 
flow. Their data were only given along the bed axis, and thus 
one cannot easily detect the channeling and velocity nonuni- 
formity. However, they do indicate that there was evidence of 
a lower void ratio along the center line than out toward the 
sides of the bed, and thus possibly less flow down along the 
center. 
The discussion presented has established the need for 
improvements over the Schumann equations for the analysis of 
energy storage in packed beds. A transient three dimensional 
analysis of packed beds is presented in the following sections. 
-22- 
CHAPTER IV 
NUMERICAL METHODS 
4.1 Introduction 
The coupled one-dimensional hyperbolic partial  differential 
equations (Schumann model) which describes the heat transfer 
in the rock-bed can be solved by various numerical techniques 
presented in the literature. 
Finite difference solutions have been presented by Handley 
and Heggs  [9] for such a problem.    The solution procedure used 
the Crank-Nicholson, method.    Recently,  Coutier and Farber [4 ] 
have also presented a numerical  solution to these differential 
equation, and they included thermal  losses and axial  conduction 
effects also. 
4.2 Mathematical  Model  Development 
4.2.1    Model  Formulation 
The Schumann model  can be modified by adding more terms 
to account for the variations in the two lateral  directions. 
Axial velocity variations as well as the temperature gradients 
due to conduction in those directions are included.    The 
resulting equations used in the present work are: 
Air Equation - 
Vau 7? + ",«=, W '- h»(VV + & (ka W] + i (ka ^ 
^(k,/) 4.2.1 
dp a     3p   
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Bed Material Equation 
3t. 
'bS'1"^ if ■ VW * T, <kb if' + t <kb if' tb     . ,.   . w  a   „    3tb>  .   3   „    9tb. 
^'Vlf' _^.4.2.2 
We can define the following relevant non-dimensional parameters: 
1.      The bed time constant 
Pbcb(l-e)*XL 
pacau 
2.  The number of transfer units 
t.-tn b   o 
'b al  0 
Sto rage unit dimensions 
X = C/XL 
y = n/YL 
z = P/ZL 
Dimensionless : time 
t = x/e 
4.2.3(a) 
NTU = hXL/pcu  4.2.3(b) V a   a  
3. Air dimensionless temperature 
t -t 
Vri"  4.2.3(c) 
4. Bed material dimensionless temperature 
4.2.3(d) 
4.2.3(e) 
4.2.3(f) 
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The nondimensionalized energy equations can then be written as 
aT       af, a2T a2T a2T_ 
Kolf+ -W- VVV + h -J^+ K3 Ty^ + K4 1? 
where: 
KQ =  1/0 
v    _ XL hv 1
  " W 
kaXL        1 
K2 = pacau TXLF 
K3 = ^2  WL; 
V K2*(|^)2 
K5 = 
kbXL              1 
pacau     XXL 
K6 = K5*(^)2 
K7 = h^¥ 
4.2.4(a) 
9T. a2T. a2T. a2T. 
IT = Kl(W + K5 13T + K6 IF" + K7 IF1       4-2'4<b> 
All coefficients (K's) are dimensionless. For common 
values encountered in thermal energy storage applications, 
these coefficients are all small  (10"5 to 10~2) except for K, 
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K is the smallest coefficient and thus has been neglected. 
The other coefficients have been retained in the model though 
they are small due to the steep velocity gradients near the 
walls. 
4.2.2 Basic Assumptions 
The following assumptions have been made to solve the 
above partial differential equations: 
(1) Constant physical and thermal properties 
(2) No transverse mass transfer in the bed, the container 
walls are considered to be impervious. 
(3) No chemical reactions. 
(4) A uniform initial temperature of the bed, t . 
'             (5) Negligible thermal radiation effects. 
Initial and boundary conditions are: 
At t = 0, 
T = 1.0 ' '    x = 0 
a 
0 < y < 1.0 
0 < z < 1.0 
Tb = 0.0 0 <_ x < 1.0 
0 < y £ 1.0 
0' < z < 1.0 
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Insulated walls: 
f =0      -§J = 1.0  >0£X<1.0     •    0<z<1.0 
For the computations that considered the heat loss to environment 
through the walls, the following wall boundary conditions apply: 
-kfI=U(T-Tro)    0   y;0Q}    0±x<JQ       0izil>() 
-kf=u(T-Tj   e  Z;OQ}  0IX£K0     0£yil>0 
The following physical and thermal properties of air and 
granite at 50°C were used. 
For Air: 
p, = 1.0928    Kg/m3 
a 
Ca = 1.0075    KJ/Kg°C 
k    = 0.02795    W/m °C 
a 
v = 1.945*10~5 kg/ms 
For Granite: 
Pb = 2640    kg/m3 
Cb = 0.82    kJ/kg°C 
kb = 2.855 W/m°C 
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4.2.3    Discretization Equations 
The discretization equations were derived by integrating 
equations 4.2.4 over the control  volume shown in figs.  [4.2.1] 
and [4.2.2] and over a time interval  t to t+At (see Appendix A 
for details). 
Appropriate choice of the weight factor f would reduce 
the discretization equations to one of the well-known schemes. 
In particular,  f=0 leads to the explicit scheme, f=0.5 to 
Crank-Nicolson scheme, and f=l  to the fully implicit scheme. 
4.3    Emperical  Equations 
4.3.1 Heat Transfer Coefficient 
The volumetric heat transfer coefficient used was selected 
based on the work of Lof & Hawley [15] equation. In parti- 
cular, Coutier et.al. [4] recent work has given us the appro- 
priate correlation for the volumetric heat transfer coefficient. 
4.3.2 The Pressure Drop 
The amount of pressure drop through the packed bed is an 
essential parameter for the evaluation of the bed performance. 
It is necessary for us to search for a pressure drop correlation 
presented by Ergun [6] is used in the present work. 
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4.3.3    Velocity Profile 
The axial  velocity distributions used here are based on 
the work of Fahien and Stankovic [7].    Their equations were 
converted to suit the present rectangular geometry and were 
developed to include the axial velocity variations in both 
lateral  directions. 
The axial velocity is defined as 
u(y,z) = u(y)u(z) 4.3.3.1 
where 
ufu) = A  IVJ_ _ M.) + JM   vb+1 _ m
      
Myub+2      b+l;      b+Ty 
u(z)  = A r(J__ _ZM_) + iM_ zb+l u[z)
      
Mzub+2      b+l;      b+1 
i yb+2] i 
b+2 
1    zb+2] 
bi2 
>       4.3.3.2 
u(l,z)  = u(y,l)  = 0.00 
u(y)  = max    at    y = yM = l-2Dp/YL     > 
u(z) = max. at Z = ZM = l-2Dp/ZL 
4.3.3.3 
b = 0.16(Dp/DH) ■1.5 4.3.3.4 
The constant Ay*Az=A] was evaluated by using the condition 
that the average dimensionless velocity is equal to unity 
l l 
/ / u(y,z)dydz 
<u> = 1 = -5-0  
Z1/1 dydz 
O 0 
where 
max = maximum velocity 
4.3.3.5 
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b+2,      ..M/..b+l   ,x     /,  _b+2, 
u(y 2)  = A C((1-y      > + yM(y     -V)((]-z      > i .z;   M^V    b+2         b+i        M    b+2 
i ZM(Zb+1-lh 
b+1        ;' 
where 
A 
1       ci*c2 
_ J_     j/M_ yM 1 
cl " b+2 " b+1      (b+l)(b+2) " (b+2)(b+3) 
_    1 ZM ZM 1 
c2      b+2 " b+1      (b+l)(b+2) " (b+2)(b+3) 
4.3.4   Temperature Variation 
The inlet air temperature has been assumed to be constant 
in most of the earlier rock bed analyses.    However, in solar 
energy storage application the inlet air temperature is not 
longer constant over the day.    An equation for the air-temper- 
ature variation through the day has been chosen from Coutier 
et.al.  [4] of the form: 
Vt) = Ta0 + (Tamax-V(sin 2t^f/       4'3-4"1 
The number P is a variable which defines the shape of 
the temperature variation. We have chosen p = 1.00; the average 
value of sin -r—~ (between t=0 and trn11) is 0.637. Thus 
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CHAPTER 5 
RESULTS 
The mathematical model of the packed bed represented by 
the governing equations 4.2.1 and 4.2.2 presented in the earlier 
chapter was used for the three-dimensional  analysis of the 
packed bed behavior as a function of the characteristic para- 
meters which effect the solar storage system performance.    The 
physical and thermal properties used for the present analysis 
of bed material  and air have been presented in sec.  4.2.2 and 
volumetric heat transfer coefficient adopted is based on the 
work of Coutier & Farber. 
5.1    Computer Algorithm Setup 
The finite difference scheme which  is described in Appen- 
dix A has been put in a computer algorithm.    A fully implicit 
method has been used by setting the weighing factor in the algor- 
ithm equal  to unity.    The model development and preliminary ver- 
ification were done by reducing the transient three-dimensional 
energy equations to Schumann's one-dimensional model  together 
with the assumptions necessary to obtain Klinkenberg's solution. 
The results of the nondimensional  air temperature and heat 
storage are tabulated in tables 5.1.1  and 5.1.2 as functions of 
nondimensional  time and axial  distance.    The data is also plotted 
in Figures 5.1.1  and 5.1.2 and the agreement is quite encouraging. 
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This agreement gives us impetus to remove Klinkenberg constraints 
at least for the cases where the results agree well with his 
nondimensional air temperature and heat storage curves. The 
model has also been compared with experimental data from the 
University of Wisconsin>bed material temperature after 5 hours v. 
of charging in a bed of 1.57 meters long with a 10.25 hour bed 
time constant is plotted with the Wisconsin data. The agree- 
ment is good and is shown in Figure 5.1.3 and gives further 
encouragement to further explore the removal of constraints 
such that the model will be closer to the practical situations. 
5.2 Method of Superposition 
Most of the models presented in the literature used a con- 
stant air inlet temperature. Thus, in those analyses, it is 
easy to calculate the air exit temperature, and the heat storage, 
Q. But, in practical solar energy applications, the inlet air 
temperature is never constant and is a function of time requir- 
ing us to consider the inlet air temperature (see fig. 4.3.4.1) 
as a series of step changes with time. 
Fortunately, the differential equations describing the 
system are linear, and the method of superposition can be used 
to predict the performance of the unit with a variable inlet 
air temperature. The nondimensional air temperature is 
-r _ a o 
a
  tart0 
•38- 
where t is a function of time and distance; therefore, 
a 
t = t0
+(ta-j"'t0)T and with ta-j-ta=At a general expression 
for step change inlet temperature is: 
Outlet temperature 
J 
^o = t0 
+
 J (AtjJET^t-tj.XL)] 5.2.1 
Heat storage Q can be given as 
J     + 
Q = SfrXL(l-e)pbcb J    AtjEQ (T-TJ.XL)] 5.2.2 
Q+(T-T.,XL) can be evaluated as before using eqn. 2.4.2.6. 
The present analysis accounts for inlet air temperature 
variations, heat losses to environment as well as nonuniform 
velocity distributions and thus is a good model of a practical 
packed bed solar storage system. The results of the model 
and comparisons and an evaluation of the results are presented 
below. 
5.3 Characteristic Parameters Effects 
The present model for the thermal analysis of packed bed 
energy storage includes transverse conduction effects that are 
necessary to include the terms cannot be neglected effects of 
air velocity distributions across the bed. The expression for 
flow velocity used is based on experimental results and is a 
function of pebble particle size andthe bed cross-sectional area. 
-39- 
The effects of individual parameters has been evaluated 
by varying that one parameter and keeping the others constant. 
Fig. 1 and table 1 show us the effect of pebble diameter size 
on the velocity distribution which in turn might affect the 
temperature distribution at a given axial location. In fig. 
5.2.1 we can observe this effect clearly when we are near the 
wall, the region where the flow velocity is maximum. As shown 
in Table 5.2.1 with all variables constant, the particle dia- 
meter that corresponds to the lowest value of nondimensional 
air outlet temperature, Tf0, would be the best pebble size for 
those conditions. That is the smaller (D/D^), the better the 
bed performance. Fig. 5.2.2 and Table 5.2,2 illustrate the 
effect of cross-sectional area variation. The cross-section 
area to the bed length ratio is varied with the particle diameter 
constant. From table 5.2.2 we can see that the smaller (D^/L) 
correspond to the lower, Tf and the higher Q+ and Q/A. But, 
we must note that larger frontal area doesn't mean poor bed per- 
formance if we choose the right bed length within the appro- 
priate pressure drop value, and this sometimes fulfills the 
needs particularly to build large beds. The mass flux flow 
rate Ts an essential parameter for the unit desing. It is 
necessary to fix the mass in conjunction with the bed length to 
reach the optimum design. For a given storage unit, the bed 
length must be calculated from the assumed mass flux to meet 
•40- 
the energy storage required such that the bed time constant is 
equal to the useful solar collection time. Table 5.2.4 shows . 
the effects of variable mass flux rate for a given bed length. 
The design of a solar energy storage bed involves the choice of 
bed length for an appropriate mass flux rate that corresponds 
to the desired t ,,. To bring out these effects several 
models presented in the literature have been used to design 
the bed keeping t ■■■,-,  constant for different values of mass 
flux flow rate and accordingly different bed lengths. A com- 
parison of these models is presented in table 5.2.6. 
The work presented here has been done bearing in mind the 
practical limitations imposed on the independent parameter of 
interest. Limitations include the flow noise from the bed and 
available pebble sizes. ,' 
Critical flow velocity for noise control has been determined 
experimentally to be 3.5 m/s and the pebble size range used is 
approximately .01-.035 m. 
The results from the present model are in excellent agree- 
ment with solutions available in the literature for the one- 
dimensional case. Parametric effects based on the model are 
compared with other results from the model, since no three- 
dimensional storage bed data are available in the literature. 
-41. 
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Table 5.2.1    Effect of particle diameter variations, 
G = 0.134 kg/m2s   ,  XL = 2.50 m 
D,m AP.Pa Tf0 Q
+ Qi'MJ 
0.01 
0.02 
0.035 
160.03 
62.46 
31.39 
0.1406 
0.1478 
0.1546 
0.9622 
0.9583 
0.9539 
175.573 
174.995 
194.306 
Table 5.2.2    Effect of cross-sectional  area variations, 
D = 0.035 m, XL = 2.5 m,  G = 0.134 kg/m2s 
DH,m DH/L Tfo Q+ Q,MJ Q/A,MJ/m
2 
0.70 0.28 0.1266 0.9613 85.896 175.298 
1.00 0.40 0.1546 0.9539 174.306 174.306 
2.00 0.80 0.2098 0.9391 689.347 172.337 
3.00 1.20 0.2370 0.9319 1542*113 171.379 
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Table 5.2.3    Effect of Bed'Length Variations, D=0.035m, 
G = 0J31  kg/m2s       ; _ '■ 
XL,m Time, min H,    . Q+ Q,MJ    - Q/L.MJ/m 
1.25 215.0 0.1445 0.9531 42.642 34.114 
2.00 344.0 0.1335 0.9587 68.570 34.285 
2.50 430.0 0.1232 0.9624 85.968 34.387 
3.00 516.0 0.1125 0,9656 103.429 34.476 
Table 5.2.4    Effect of Mass Flux Flow Rate Variations, 
d = 0.02 m,  XL = 2.50 m 
G,kg/m2s AP,Pa Time,min Tfo Q+ Q,MJ 
0.134 
0.153 
0.219 
62.458 
78.278 
147.504 
420.0 
368.7 
258.1 
0.1221 
0.1408 
0.1954 
0.9648 
0.9592 
0.9427 
86.166 
85.794 
84.685 
Table 5.2.5    Effect of Void Fraction Variations, d = 0.02 m, 
G = 0.134 kg/m2s, XL = 2.5m 
e AP,Pa Time,min Tfo Q
+ Q,MJ 
0.37  ■, 
0.40 
0.43 
62.46 
46.45 
35.04 
420.0 
400.0 
380.0 
0.1221 
0.1221 
0.1221 
0.9648 
0.9648 
0.9648 
86.166 
82.063 
77.959 
■55- 
Table 5.2.6 Effect of Time Constraint Variations, d = 0.02m, 
e = 0.37 
Time,min XL,m G,kg/m2s AP.Pa Tf0 Q+ Q,MJ 
Q/L, 
MJ/m    . 
430.0 
430.0 
430.0 
2.50 
3.00 
3.50 
0.131 
0.157 
0.183 
59.96 
98.49 
150.81 
0.1188 
0.1355 
0.1480 
.9658 
.9606 
.9567 
86.231 
103.06 
119.873 
34.492 
34.492 
34.492 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1    Conclusions 
1. A model for the transient heat transfer in a packed 
bed of spheres which allows transverse air velocity variations 
has been developed and solved numerically by using a fully 
implicit method for the energy equations. 
2. The solution has been shown to converge to the correct 
solution by comparing the present results with Kinkenberg's 
analytical solution and the results of work at University of 
Wisconsin.. 
3. A parametric investigation of the model is used to 
bring out the relationship between the characteristic para- 
meters for solar thermal energy storage mentioned in earlier 
•sections. 
4. An equation for the velocity of air as a function of 
bed cross-section has been developed utilizing the'method used 
in [7].    This equation enables the model to use non-plug flow 
condition, and includes the wall  effect on the flow through 
the bed. 
5. The inlet air temperature in the present calculations 
is formulated to be a series step changes with time, and the 
method of superposition is  used to calculate the air outlet 
temperature and the heat storage in the bed.    This allows for 
the cyclic variation of inlet air temperature. 
-57- 
6. The comments written in Chapter 5 are valuable for 
solar energy storage unit designers, because the results pre- 
sented as part of this work specify the parameters for any 
heat storage application and thus are likely to be a useful  tool 
for any future thermal  storage bed design.   '\       ; 
7. A packed bed storage unit can easily be designed 
knowing the required energy to be stored (for a specific loca- 
tion) by utilizing results presented for the variable mass flux 
flow rate and its relationship to the bed length, and the bed 
of time constant, t    ,, can be adjusted to equal the useful 
solar energy collection time. 
6.2    Recommendations 
1. The constants used in the equation for the air velocity 
need to be confirmed and thus an experiment to measure the 
velocities in three-dimensional packed beds is proposed.    A 
full  solution of the three-dimensional momentum equations will 
also be helpful. 
2. The power, p, in the time dependent inlet air tempera- 
ture has to be determined.    It is a function of the day of the 
year, location, and solar collector orientation. 
3. An experiment to verify the above results and to bring 
out the multi-dimensional transient nature of pebble storage 
is recommended. 
4. The present computation are for a square cross-section. 
Computations with other geometries may be done to see if there 
is any effect. 
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APPENDIX A  
Discretization Equations 
The integration of equations 4.2.4 over the control volume, 
tee  fig. 4.2.2., using the weighting factor f (f=0 to 1) is 
presented below. The values of the temperature T and T. at 
a given time t are T  and T. and the (new) unknown values 
2     2 
at t + At are T  and T. . 
a     b 
The Bed Equations: 
t+At 
■ 
t 
t+At 
3T (TL-TJL) 
-^- AxPAyPAzPAt  =       bPAtbP     AxPAyPAzP 
K^YT^AxPAyPAzPdt^fK^T^p) 
+
  OnK^Tjp-Tjp) 
t+At     D 
j    ^(K5^AxP^zPdt = 
T2-T2 T2_-T2 
fK_[    WM - ^-^1/vyPAzP 5L       AxD AXU       ^ 
T^-T1 TL-TL
] 
+
  (l-f)KJ-^n^ " -"lAXPAzp 5L    AxD AXU 
where d:  down,  u:   up. 
Similar equations are used for the y and z directions, thus 
the general three-dimensional discretization equation after 
division by the control  volume AxpAypAzp and multiplied by    t is: 
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T2 = bb -TJ + b -T2 + b -T? + b .-TL bp   p bp   ap a   u bu  ,d bd 
+ b -T2 + b T2 + b T2 + br'T2r + bb -T1 s bs   n bn   w bw   E bE   ap a 
+
 
bbuJlu  + bbdTbd + bVbbs + bbn'Tbn + bVTbw 
+
 
bbETbE 
where 
bb = (l-(l-f)(QBl+QBu+QBD+QBS+QBN+QBW+QBE))/QBlN 
bap = f*QB1/QB1N 
b  = f*QB /QB1N 
a  -    a 
(l-f)QBa 
bba = QB1N , 
where 
a = u,d,n,s,w,e indicates the directions of nodes in the 
mesh 
QB1 = hwXL-At/G-C v      a 
QB2 = At-kb/xL-G-Ca 
QB3 = QB2(XL/YL)2 
QB4 = QB2(XL/ZL)2 
QBU = -M" 
QBD 
AXU*AXP 
QB2 
AXD*AXP 
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QBS = QBS AYS*AYP 
QBN = QB3 AYN*AYP 
QBW = QB4 AZW*AZP 
riRF - QB4 w
 AZE*AZP 
QB1N = 1.0 + f(QBl+QBU+QBD+QBS+QBN+QBW+QBE) 
The Air Equation: 
Integrating over the same control volume with a flow 
stream distance factor, s we get 
2 2 2 2 2 T     = a.   -17    + ab TR   + a r    +a.li. ap       bp    bp u Du        u au       d ad 
2 2 2 2 
+ a -Tf    + a Tf    + a T     + a Tf s    as        n an       w aw       e ae 
-' v 
where 
abp = S*QA1/QAIN 
abu = (1-S)QA1/QA1N 
.    =  1-(1-S)QA1+QAU 
au QA1N 
QA 
Y      QA1N 
v. 
Y = d,s,n,w,e    indicates direction of nodes in the mesh 
■64- 
. h  -XL-AX 
a 
k XLAXP 
QA2
 
=
 GOXLT2 
a 
T)A3 = QA2*(XL/YL)2 
QA4 = QA2*(XL/ZL)2 
QA1N = L + S*QA1+QAU+QAD+QAS+QAN+QAW+QAE 
QA2 
i;nu AXU*AXP 
QAD = QA2 AXD*AXP 
QAS = QA3 AYS*DYP 
QAN = QA3 AYN*AYP 
QAW = QA4 AZW*AZP 
QAE = QA4 
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APPENDIX B 
NOMENCLATURE 
2 A Heat transfer surface area, m 
B-j Biot number, hrQ/kb 
Ca Specific heat of air, kJ/kg°K a 
Ct, Specific heat of the bed material, kJ/kg°K 
Cf Specific heat of fluid, kJ/kg°K 
Dn Bed hydraulic diameter, m 
Dp Particle diameter, m 
G Fluid mass flux flow rate,  kg/m^s 
h Film heat transfer coefficient, w/m^°K 
he Effective film heat transfer coefficient, w/m °k 
3 
h Volumetric heat -transfer coefficient, w/m °k 
k Air thermal conductivity, w/m°k a 
k. Bed material thermal conductivity, w/m°k 
kf Fluid thermal conductivity, w/m°k 
m.p Mass flow rate of fluid, kg/s 
Pe Peclet number 
AP Pressure drop through the bed, Pa 
Q Total heat stored, MJ 
(D    v Maximum heat storage, MJ max 
Q+ Nondimensional heat storage 
r0 Radius of pebble particle, m 
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2 Sf Cross-sectional area, m 
t Dimension!ess time 
t Air temperature, °K 
t -t 
T = T jT-       Dimensionless air temperature a    tart0 
ta- Air inlet temperature, °K 
t. Bed material temperature, °K 
t.-t 
T.= -r z— Dimensionless bed temperature b   tart0 
tf Fluid temperature, °K 
tfi Fluid inlet temperature, °K 
tf Fluid outlet temperature, °K 
t0 Bed initial temperature, °K 
^ Ambient temperature, °K 
ta.-t. Too= T z—  Dimensionless ambient temperature li o 
u    - „Fluid velocity, m/s 
ua Air velocity, m/s 
Pbcb(l-e) Vu Heat capacity ratio,  
H
pf fe 
x Dimensionless length, c/XL 
XL Bed length, m 
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YL,ZL 
Dimensionless length, n/YL 
Dimensionless length, yj- 
/ / 
Bed cross-sectional area dimensions, m 
Greek 
H+l 
Thermal capacity ratio, -n- 
Vofd fraction 
Bed time constant, s 
/Axial coordinate, m 
Transverse coordinates, m 
Absolute viscosity, kg/ms 
. t    3 
Air density, kg/m 
Bed material density, kg/m' 
3 
Fluid density, kg/m 
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